Background: Proteomics of bacterial pathogens is a developing field exploring microbial physiology, gene expression and the complex interactions between bacteria and their hosts. One of the complications in proteomic approach is micro-and macro-heterogeneity of bacterial species, which makes it impossible to build a comprehensive database of bacterial genomes for identification, while most of the existing algorithms rely largely on genomic data.
1 Standard procedures
Protein database construction and spectra identification with Mascot
Raw data files with WIFF and .D file format were converted to the Mascot generic format (MGF file format) using AB SCIEX MS Data Converter version 1.3 and Compass Data Analysis 4.2 (Build 383.1) respectively. Mascot 2.2.07 was used for the identification with the following parameters: MS1 tol: 10 ppm, MS2 tol: 0.5 Da, varibale modifications: Oxidation(M) and Carbomidomethylation(C), trypsin specificity with 1 missed cleavages allowed. Decoy searches were implemented by database construction with reversed proteins.
Sequence assignment and spectral library construction
The spectral libraries were constructed from Mascot identification results excluding those with predicted post-translational modifications. The threshold values were estimated for F DR ≤ 0.05. Each spectral library represents a file in MGF format with an additional SEQ field, which contains an amino acid sequence of the peptide identified. The resulting library sizes for each strain are shown in Table S To construct a spectral library we used an MGF format file containing all the data of a proteomic experiment and Mascot result export file (described above). We used the speptide software to construct the library. The filtering according to peptide identification criteria was applied. The results of spectra identification using Mascot should be exported in CSV format file containing "Query title" and "Sequence" fields (pep scan title and pep seq). After the spectral library was annotated, we match ion series to MS/MS peaks using the amino acid sequence of peptides identified by Mascot. Spectra for the known genome were identified with Mascot using the genome of known organism and further used as spectral library. MS/MS peaks in the spectral library are annotated and ion series are assigned.
Estimation of the number of polymorphisms based on genomic data
The number of SAPs in tryptic peptides between a pair of strains was estimated using blastp package. For each of the comparison pair of datasets the lists with all tryptic peptides were recieved with ad hoc perl scripts ( Fig. S-1 ). The database for blastp search was created from the list of peptides sequences from the first sample.
The list of sequences of the second sample were searched against created database. At the last step only peptides with the same length and differ only in one amino acid were involved in the estimation of the total number of possible SAPs identification. 
Algorithm

Vector representation of spectra and angle calculation
The comparison of the spectra is based on spectral angle calculation described earlier [1, 2] . A spectrum is represented by a vector in a space m with components corresponding to the intensities of the peaks of this spectrum. The estimation of similarity between two spectra is based on the calculation of the cosine similarity between the corresponding vectors.
Briefly, every spectrum is represented by two ordered sets {m} and {i}, containing m z and intensities of peaks, correspondingly, and function I s : {m} → {i}, putting in accordance m z and its intensity. Further two symbols are used for brevity: first ∈ δ ("belongs to with accuracy of δ"),
Second: ∪ δ ("unity with accuracy of δ"),
Comparison of the two spectra S 1 ({m 1 }, {i 1 }, I s1 ) and S 2 ({m 2 }, {i 2 }, I s2 ) is based on contruction of a set M = {m 1 } ∪ δ {m 2 }. For every spectrum in the set M , we define a function I δ s (x) : M → {i}:
0, otherwise.
Thus, we associate the spectra compared with intensity ordered sets (vectors) I δ s1 (M ) and I δ s2 (M ), and as measure of similarity for the two spectra, we use the angle value between those two vectors cos Θ = cos(I δ s1 (M ), I δ s2 (M )). The higher is the cosine of the angle value, the higher is the probability that the spectra correspond to similar sequences. 
Detection of identical spectra
For two spectral sets (SP and SL) with a given ∆ M S1 candidate pairs of spectra are defined as those with |M S1 SP − M S1 SL | ≤ ∆ M S1 . Each spectrum in a pair is represented by a vector, and the cosine similarity is calculated. Each spectrum from SP is assigned to a spectrum from SL corresponding to the minimal angle between two vectors.
Transformation methods
The initial spectra is not always useful for calculation of spectral angle. Several approaches exists to transform the initial spectra [3] . It is known that the transformation of intensity improves the results. It was also shown that limiting the number of peaks taken into comparison can improve the comparison. For convenience the spectral intensity is normalized so that the average intensity in the spectra equals 100. The following several intensity transformations are applied: √ I, ln I and untransformed intensity value I.
Parameters estimation (N , I, cos θ)
We used spectral sets from three strains of H. pylori: A45, J99 and 26695 as a training set for the algorithm. Three pairwise comparisons are performed; in each of them, one sample is considered as a reference sample and the other as a query sample. A45 → J99, J99 → 26695, 26695 → A45 (the second sample in each pair serving as reference). Different methods of intensity transformations are applied; the number of the peaks selected for further analysis is also varied. 
SAP detection algorithm
For two spectral sets (SP and SL) with a given ∆ M S1 candidate pairs of spectra are defined as those with ∃D δ ∈ {D} :
, where {D} is a set of mass differences for selected amino acid substitutions. A spectrum from SL is transformed according to the chosen method. Each spectrum in a pair is represented by a vector, and the cosine similarity is calculated. Each spectrum from SP is assigned to a spectrum from SL corresponding to the minimal angle between two vectors.
Choosing a set of possible SAPs
Only amino acid substitutions caused by a single nucleotide change in a codon were selected for the analysis; substitutions with ∆ m ≤ 1Da were excluded, resulting in total of 138 substitutions under consideration.
Table S-3
SAPs selected for the analysis (the absolute value of ∆m is specified).
Peaks annotation (b-, y-and additional ion series)
For SAP identification, peaks in a spectral library are annotated. Their intersection with theoretical peaks of peptide sequence with a given ∆ (∆ = 0.5 Da in current study) is constructed. Different ion types were considered, b−, y−, b −
The best algorithm was selected after using different types of ions for training. After comparing the results of identifications using different approaches, only b−, y− ions were selected for the analysis, while the others were considered as "unannotated". most intensive peaks from SP and SL are used. alg IV. All annotated peaks containing the respective substitution are shifted by, all unannotated peaks are removed from SL spectra. All the annotated ions from SL are used, first C · S most intensive peaks from SP are used.
Parameters estimation (C, I, alg, cos θ)
We used spectral sets from three strains of H. pylori: A45, J99 and 26695, as a training dataset for the algorithm. Three pairwise comparisons are performed; in each of them, one sample is considered as a reference sample and the other as a query sample. A45 → J99, J99 → 26695, 26695 → A45 (the second sample in each pair serving as reference). Different methods of shifting of the peaks in the reference spectrum and intensity transformation are applied; the number of the peaks from reference and query spectra selected for further analysis is also varied. In the reference spectrum, m N most intensive peaks are selected, where m is MS1 mass and N -is a parameter varying from 10 to 200. The selected peaks are then annotated and shifted according to one of the methods. In the query spectrum, C ·S most intensive peaks are selected, where S is the number of peaks in the reference spectrum left after filtering and annotation and C is a parameter varying from 1 to Spectra identified with speptide but not identified with Mascot using genomederived database are called NA (information not available) spectra. Indirect verification of the identification results included search for homology between peptides in reference and query strains using blast and estimation of the number of SAPs in homologous peptides. Only those reference peptides were used for the alignment, for which SAPs in query peptides were identified but not confirmed with Mascot. In each search, a genome-derived blast database was constructed using makeblastdb tool and the reference peptides were then aligned with tblastn (60% identity) against this database. Hamming distance was employed to estimate the number of amino acid variations in homologous peptides. The results are shown in Fig. S-7 . 
Decoy database research
With a purpose to introduce an additional F DR estimation we explored different ways of constructing decoy spectral librarires. We used well-known approaches: shift m z values for all MS1 peaks [4] (+20 Th), shift m z values of all MS2 peaks in each spectrum (+20 Th) [5] . In addition, we have considered constructing decoy spectral library database from the spectra of different bacterial species, putting them under one of the following additional conditions: (1) equal number of peptides in the decoy and direct spectral libraries or (2) equal number of of spectrum-peptide pairs 
Number of false identifications Number of decoy identifications
Comparison with other algorithms (Byonic, pMatch, SPI-DER)
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SNP study
Angle dependence on the type of SAP
We calculated the angle dependence on the SAP type and further performed a t-test to identify statistically significant differences between the different amino acid substitutions. Only amino acid substitutions with at least 100 spectral pairs assigned were selected. Final p-values were adjusted with Benjamini-Hochberg correction. 977 (126) 115 (24) 101 (19) 109 (17) 153 (19) 159 (28) 295 (31) 451 (36) 377 (32) 1036 (91) 1602 (246) 955 (105) 1255 (180) 289 (20) 221 (38) 123 (15) 677 (80) 229 (34) 373 (44) 449 (65) 431 (57) 355 (48) Figure S-12 Heatmap with − log 10 Benjamini-Hochberg corrected p-values from t-test for cos Θ for each pair of SAPs.
Software and data
Software and programming languages
• AB SCIEX MS Data Converter version 1.3 and Compass Data Analysis 4.2 : spectra conversion.
• Newbler 2.6 : read assembly.
• Mascot 2.2.07 : spectra identification.
• Blast 2.2.30 : peptides homology search and estimation of possible number of SAPs detection.
• Artemis (Version 16) : ORF search in genomes.
• R 3.2.1 : ad hoc scripts for data analysis.
• perl : ad hoc scripts and utilites for batch analysis and MGF preparation.
• C/C++ : speptide source code.
• Byonic 2.5.6, PeakStudio 7.0 and pMatch v.1.5.0.1: comparsion with speptide.
Data and code availability
The genomic data was deposited to NCBI either as WGS or as SRA submission. The proteomic data (including FASTA used for Mascot search) is available in PRIDE under accession: PXD001481 (Reviewer account details: Username: reviewer50451@ebi.ac.uk; Password: aR3585SN).
Algorithm was implemented as an ad hoc software program speptide written in C/C++ available with comprehensive manual and examples at: https://github. com/dimaischenko/speptide
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